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basis, manufacturing processes, techniques and equipment for use
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project is 5726335.
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The Frankford Arsenal Project Engineer was Dr. Jeffrey Waldman.
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INTRODUCTION

This manufacturing method development program, initiated under Contract
DAAA25-70-C0358, was intended to scale up an aluminum powder metallurgy
(P/M) wrought product fabrication process that yields mill products
(e.g., plate, extrusions, forgings) capable of superior combinations of
high strength, stress corrosion cracking (SCC) resistance, and fracture
toughness compared to commercial ingot metallurgy alloys. The scale-up
was from 77-kg (170-1b) billet size to 1545-kg (3400-1b) billets.

Specific property objectives as stated for extrusions were as follows:

Property Target A Target B Target C
MPa (ksi) MPa (ksi) MPa (ksi)
Longitudinal YS 655 (95) 586 (85) 517 (75)
Longitudinal K _ 905 vmm (26 Vin.) 905  (26) 1566  (45)
Transverse Stress w/o SCC 172 (25) 172 (25) 290 (42)
Notched Fatigue Strength 926 (14) 926 (14) 110 (16)
Exfoliation Resistance High High Immune

Achievement of the strength, toughness and SCC targets was_demonstrated on
laboratory-scale P/M wrought products as reported earlier. '’ This report
summarizes the program to generate production-scale P/M products, scaling up
from laboratory scale [77.3-kg (170-1b billets)] to production scale [1545-kg
(3400-1b billets)]. The report is organized to follow the scale-up process
development (Section I), including problem solving, followed by a description
and discussion of properties of P/M wrought products from 1545-kg (3400-1b)
billets (Section II), and finally summarizing conclusions and recommendations
in Section III.

I. SCALE-UP PROCESS DEVELOPMENT

A. Tooling and Equipment Fabrication

Isostatic Pressing. Initially, the process to be scaled up was to be the same
as used in the laboratory, as shown in Figure 1. Accordingly, tooling develop-
ment was initiated for cold isostatic pressing 1409 kg (3100 1b) of powder to

a 76.2-cm (30-in.) diameter x 160.3-cm (63.l1-in.) high compact. The isostatic
mold shown in Figure 2 was procured from Trexler Rubber Company, Ravenna,

Ohio, to fit powder fill and compaction ratios shown in Table 1.




The powder of composition and powder size shown in Table 2 was atomized,
scalped and loaded into the isostatic mold using a powder handling system
shown in Figure 3. After the bag was filled, the top closure was installed
and closed with screw-tightened clamps.

Isostatic pressing of this first trial piece was conducted in the high
pressure laboratory at Applied Research Laboratory, Pennsylvania State
University. This 152.4-cm (60-in.) diameter x 427-cm (14-ft) deep vessel
can be pressurized to 110 MPa (16,000 psi). For this program, the filled
mold in Figure 2 was cold isostatically pressed to 110 MPa, requiring 112
minutes for the vessel to be pumped to that pressure. Depressurization
required 20 minutes to vent through a valve in the upper seal of the press.

After removing the assembly from the press, it was found that one of the two
clamps sealing the top of the rubber bag had moved during compression and
that the perforated form in the upper seal was askew from its starting
position.

Upon removing the upper rubber seal to the isostatic bag, water was observed
on top of an otherwise sound-appearing compact. Within 1-1/2 minutes, the
water had soaked into the compact, leaving the compact surface dry, sound
and at the temperature of the water.

The compact was resealed and packed for transportation to Alcoa Technical
Center for further inspection and encapsulation for vacuum preheating as the
first trial piece.

Inspection of the compact on the next day showed that the water that leaked
past the isostatic bag seals was reacting with the aluminum in the compact,
heating the compact to 82°C (180°F), resulting in severe cracking of the
compact. This compact is shown in Figure 4.

While the probable cause for this water leak was not exactly pinpointed, it
was felt that a partial vacuum (generated under the upper cylinder seal as
it was lifted from the cylinder) 1lifted the top rubber seal from the main
isostatic rubber container to allow air in the bag to escape to the vacuun.
This opening then allowed water to enter the isostatic container when
atmospheric pressure was restored.

This compact achieved 69-71% of theoretical density in cold isostatic
pressing at 110 MPa, indicating that the compact would be relatively fragile
to handle.

After encountering this problem with sealing of large cold isostatic rubber
molds, consideration of alternate approaches to powder handling began.

Since a green compact would require encapsulation for vacuum preheating, one
possible alternative was to abandon the cold compacting step completely and
directly encapsulate powder in the vacuum preheat container. This procedure
would eliminate the development work required for cold isostatic compaction
and would eliminate one step in the production operation, potentially
decreasing the cost of the end product.



In earlier work with 9.1-kg (20-1b) billets, the fracture toughness achieved

for extrusions from vacuum preheated and vacuum hot Pressed powder was comparable
to the fracture toughness of extrusions made from vacuum preheated and vacuum
hot pressed isostatic compacts. Accordingly, we elected to proceed with
development of a revised process, summarized in Figure 5, which deleted cold
compacting and substituted encapsulation of the atomized powder for preheating
and hot pressing.

Vibratory Packing Development. One difficulty with this alternative was that

the hot compacting tools had begn designed and were being constructed for a 70%
dense powder compact of 0.721 m~ (44,000 cu in.), while as-atomized powder has

an apparent density of 45% of theoretical density. This lower density would
mean that the hot compacting tools as designed could make only a 909-kg (2000-
1b) billet. To raise the metal weight in the vacuum preheat container, vibratory
compaction was investigated to raise the powder density.

Early trials to develop a vibratory packing procedure used 9.1-kg (20-1b)
charges in 15.2-cm (6-in.) welded aluminum cans and a small air-driven turbine
vibrator. Densities of 55 to 59% of theoretical density were achieved with MA87
alloy powder. Based on these results, a large turbine vibrator was incorporated
in a fixture that would be used for vibratory compacting of loose powder in the
welded aluminum container used for vacuum Preheating. On the basis of these
results, the atomization of alloy powders was initiated for fabrication of the
large hot pressed P/M billets.

Powder Handling for Preheating. The alloys listed in Table 3 were melted and
atomized to the powder sizes shown in Table 4 for vibratory compaction in
vacuum preheat containers.

The vacuum can shown in Figure 6 was designed to fit the hot compacting cylinder
and maximize the weight of powder for vibratory compaction and hot pressing in
the tooling designed for the 1545-kg (3400-1b) billet scale-up. It was esti-
mated that vibratory packing would result in 1318 kg (2900 1b) of powder in

this can. The can incorporated a 5-cm (2-in.) aluminum evacuation line with a
porous stainless steel filter over the inside evacuation line opening to prevent
sucking powder into the vacuum equipment. Vibration was used during the entire
period of powder loading to maximize the density achieved within each container.
The preheat containers for handling of the atomized aluminum powder were welded
3003 alloy containers, 80 cm (31.5 in.) OD x 168.9 cm (66.5 in.) high, fabricated
from 0.63-cm (1/4-in.) thick 3003 alloy Plate for the side walls and 1.27-cm
(1/2-in.) thick 3003 plate for the end plates. All seams on these containers
were double welded to insure vacuum-tight construction. The cans were made by
rolling and welding the outside wall and then welding in place the 1.27-cm
(1/2-in.) thick bottom plate, completing the initial can assembly. The upper
lid had a 5-cm (2-in.) diameter hole drilled in the plate and an evacuation

line welded to one surface. A porous stainless steel filter was welded to the
other surface of this top plate on the underside of the hole used for the
evacuation line. Also welded to the top surface of this plate were three



bent 2.5-cm (l-in.) diameter aluminum rods which were used to 1ift the can
into the hot compacting tools at the completion of the preheat operation.
The actual position of the porous stainless steel filter is shown in Figure 7.

The atomized powders described in Tables 3 and 4 were loaded into the preheat
containers with the aid of a vibratory packing fixture in the system shown in
Figure 8.

Since powder atomized in small quantitites is handled in O.208 m3 (55-gallon)
drums, a manual packing procedure was devised for handling the limited number
of cans to be processed for this program. The ailr-operated turbine vibrator
on the vibratory packing fixture was operated continuously during the powder
filling operation. The actual filling operation required the initial purging
of the powder preheat container with nitrogen gas to eliminate any explosive
hazard associated with this fine atomized aluminum powder. After purging,
powder was admitted into the prehgat container through a manually operated
iris valve underneath the 0.208 m (55-gallon) drum. The powder flow rate
into the preheat container was controlled to minimize dust emissions through
any of the seals in the complete assembly. A gas bypass line allowed the
displaced gas in the preheat containgr to travel from above the powder bed in
the can to the bottom of the 0.208 m~ (55-gallon) drum, maintaining a closed-
loop gas displacement in this complete assembly. Dust emissions in this
closed system were minimized.

With the application of vibration in the powder loading operation, density in
the preheat container fell within the range from 55 to 58% of theoretical
density in the container. This can be compared to approximately 45% of
theoretical density for the loose atomized powder. The actual weight of
powder packed into each container is listed in Table 5.

After the cans were loaded, the upper can end was welded to the loaded can.

The top 1id was fitted into the ID of the can so that there was 0.6 cm (1/4 in.)
of the top 1id exposed outside of the can. Prior to initiation of welding,
nitrogen was forced into the can through the evacuation opening to purge the
plenum above the packed powder bed of oxygen and minimize any hazard associated
with welding near atomized powder. This nitrogen flow was maintained throughout
the welding operation to minimize any combustion hazard. Upon completion of
the welding of these containers, containers were pressure-leak checked to
verify the absence of any potential vacuum leaks. The completed cans were
packed and shipped to Alcoa's Cleveland (Ohio) Works for assembly onto the
preheat systems. A completed can is shown in Figure 9.

Vacuum Systems. The preheat system was designed for three vacuum containers
connected in parallel to a vacuum pump system consisting of a 25.4-cm (10-in.)
ring jet booster pump backed up by a Stokes Model 412H mechanical pump.

The vacuum system shown schematically in Figure 10 was designed on the basis
of the required vacuum level desired, the estimated quantity of gas to be
removed from the powder containers, and the potential for movement of particu-
late through the vacuum pump assembly during the initial pumpdown cycle. On
this basis, the most economical vacuum system to achieve this desired level of
vacuum consists of a mechanical roughing pump backing up a diffusion type or
booster pump designed to operate in vacuum levels on the order of 13 Pa



(0.1 um Hg). Because of the long setup time required for running compacts
through the 311 MN (35,000-ton) press, it was elected to build two vacuum
systems to allow accommodation of up to six billets in one run through the 311-
MN (35,000-ton) press, where one preheat furnace would accommodate three billets.
The two vacuum pump systems shown in Figure 11 were assembled for accomplishing
the vacuum preheat operation. Considerable delay in accomplishing the initial
preheat run was the result of late delivery of the mechanical vacuum pumps used
for both of these systems. These pumps were received approximately four

months later than originally scheduled. After all components were received,

the systems shown in Figure 11 were assembled, and the control panels to

operate the pumps in the required sequence were constructed. 1Initial operation
of these pumps against a blanked off flange indicated that the pumps could
achieve the desired vacuum level. The tryout of these vacuum pumps was completed
at Alcoa Technical Center prior to shipment of these pumps to Alcoa's Cleveland
Works for assembly into the complete vacuum system.

The vacuum pump prepared for the initial preheat operation is shown in Figure 12
for the No. 4 die heating furnace at Alcoa's Cleveland Works. As shown in

Figure 12, the vacuum pump and cart assembly was attached directly to the

driven car of the car bottom die heating furnace so that both the pump and car
moved as a unit. The vacuum lines ran underneath the furnace car outside of

the axle assembly, with individually valved vacuum lines going to each of the
three cans shown on the car bottom furnace table. The valves were located

under the furnace car and between the supporting axles. In the actual heating
operation, these valves underneath the furnace car do not experience temperatures
above 65°C (150°F).

For successful vacuum hot compaction, the evacuation line from each preheat
container must be severed from the vacuum system while maintaining the vacuum
within the powder container. The tooling shown in Figure 13 incorporated an
89-kN (10-ton) hydraulic cylinder in a C-frame, with an appropriate set of jaws
for pinching a 5-cm (2-in.) ID aluminum pipe evacuation line. With an 89-kN
(10-ton) load on the 0.6-cm (1/4-in.) wide x 8.9-cm (3-1/2-in.) long jaw face,
successful complete sealing is accomplished by simply pinching the vacuum line.
The procedure for severing of the vacuum line from the vacuum system required a
series of closely spaced pinches combined with melting of the evacuation line
at the center of the pinched area. These tools were successfully tried on live
vacuum lines for both hot pinching and for pinching and melting for separation
of the vacuum line. The pincher includes the hydraulic cylinder, C-frame, and
jaws for a total weight of 25.9 kg (57 1b) which was suspended for accurate
placement of the pinching tool during the actual line sealing.

Hot Compacting Tools. A schematic drawing of the hot compacting tool assembly
is shown in Figure 14. The assembly consists of: (1) a lower hard plate to
which a tapered lower seal is bolted; (2) the cylinder, a shrink fit

assembly of an H-12 steel liner and two outer retaining rings; and (3) a

ram assembly consisting of a ram nose, ram, ram holder, and upper hard

plate. The rough machined steel forgings required to make up these tools

are listed in Table 6. Delivery of these rough machined forgings required

up to 38 weeks from date of order entry.




The components for the lower hot compacting tool system are shown in Figure 15.
Figure 15a is the H-12 steel liner, while Figure 15b shows one of the two
container rings during machining prior to the shrink fit assembly around the
liner cylinder.

The components making up the densification ram assembly are shown in Figure 16.
Figure l6a shows the steel nose for the ram, which is to be bolted to the punch
shown in Figure 16b. The holder for the ram is shown in Figure 16c, which

bolts to the upper hard plate shown in Figure 17 as the top hard plate. These
hard plates are bolted to the bare upper and lower platens of the 311-MN
(35,000-ton) press at Alcoa's Cleveland Works. Figure 18 shows the lower seal
was machined to fit the lower end of the hot compacting cylinder. This component
is bolted to the lower hard plate installed on the bottom platen of the press.

The individual tool components described earlier were assembled after finish
machining. The lower cylinder assembly was accomplished by heating both outer
container shrink retaining rings to 427°C (800°F), lowering them over the inner
cylinder, with the inner cylinder at room temperature. This assembly was
allowed to cool to room temperature to accomplish the shrink fit. The inter-
ference fit on these tools was 0.310 cm (0.122 in.) on a diameter of 149.9 cm
(59.0 in.) at the interface. The upper ram assembly was completed by bolting
the ram nose piece to the main ram proper, then bolting the ram to the upper
hard plate with the retaining ring. The lower seal is a tapered plug which was
bolted to the bottom hard plate. The actual tools free standing are shown in
Figure 19 as assembled, before the initial heating and compacting trials.

Die Heating System. The hot compacting cylinder is larger than could be accom-
modated by any available die heating furnace located near the 311-MN (35,000-
ton) press. Because of this problem, a furnace for heating of the cylinder and
upper ram assembly was constructed on the press floor near the 311-MN (35,000-
ton) press. The complete assembly is shown in Figure 20. This furnace consists
of a large insulated dome top as shown in Figure 21 and a liftable steel framework
with mounted insulated panel burners as shown in Figure 22. The panel burners ’
used for this portable heater were available from existing equipment in Alcoa's
Cleveland forge plant. This hexagonal heater uses six individual panels, each
of which has 30 Selas burners in which a premixed gas and air mixture is burned
to radiantly heat the die set that is inside the framework.

As shown in Figure 20, a network of firebrick was laid up on the press floor
near the 311-MN (35,000-ton) press. The frame and burner assembly and 1id were
placed over the tools. To successfully achieve the desired tool temperatures,
it was necessary to insulate the gaps in the frame shown in Figure 22 with
Kaowool ceramic insulating blankets. The effect of this added insulation on
heating rate is shown in Fiqure 23, with a substantial increase in heating rate
at 20 hours into the die heating cycle. With this assembly it was possible to
heat the hot compacting cylinder and ram assembly to temperatures on the order
of 510-540°C (950-1000°F).



B. First Experimental Preheat and Hot Press System Trial

The first experimental preheat and hot press system trial was scheduled in the
311-MN (35,000-ton) press in December 1974. Scheduling of this operation
required fitting this experimental activity into such operating equipment as
the die heating facilities adjacent to the press as well as scheduling of the
press and the required maintenance and technical personnel.

Vacuum System Checkout. The vacuum systems were attached to the die heating
furnace cars prior to the operation as the furnace cars became available since
incorporation of these vacuum system components required complete shutdown of
the die heating furnace. After the vacuum system was assembled on a particular
furnace, the cans to be preheated were assembled to the vacuum system prior to
checkout of the system in place.

The vacuum system as assembled included on flange sealed with a soft multi-
layer, soft steel jacketed asbestos gasket in the flanged opening that was
inside the furnace. Initial checkout of the integrity of this system indicated
that this soft iron gasket would not seal adequately to maintain a vacuum under
production assembly conditions. 1In its place a graphite-impregnated asbestos
gasket was found to adequately seal the hot joints in the vacuum system at
least in the cold initial checkout. This gasketing material was used both at
the elevated metal-to-metal flange near the top of the preheat container and at
the flange just above the valve underneath the furnace car. This gasket did
successfully seal the in-furnace flange thoughout the preheat operation.

Die and Powder Heat-Up. Approximately two days before the scheduled first
pressing operation, heat-up for both the powder and the tools was initiated.
Tool heat-up was started somewhat before the start-up of heating of the powder.
The actual heat-up rates observed in several thermocouples in handling holes on
the outside of the hot compacting tools are shown in Figure 23. The die
heating furnace was started with approximately 50% of the available burners
being 1lit and no insulation provided between the panel burners or under the
panel burners in a steel frame used to hold these panel burner assemblies.
After approximately 12 hours, the dies stabilized at 148°C (300°F). To get to
the required 482°C (900°F) die temperatures, the remaining burners were lit and
the openings in the panel burner assembly closed with 7.6-cm (3-in.) mats of
Kaowool fiber insulation. From Figure 23, it is clear that these corrections
had the desired effect of increasing the heat-up rate of the tools, reaching
480-538°C (900°-1000°F) die temperature for both the ram assembly and for the
hot compacting cylinder. The die's outer surfaces were at temperatures higher
than 480°C (900°F) for more than 24 hours prior to the actual compacting
operation.

The lower base plate and lower seal assembly were separately heated in a die
heating furnace, as shown in Figure 24. This had been started approximately
30 hours prior to the hot compacting operation.



Initial heat-up rate of the powder was found to be relatively rapid despite a
vacuum in the can, as shown in Figure 25. The heat-up rate in the powder was
measured with a thermocouple which was located in a blind end welded tube
approxiamtely 30.5 cm (12 in.) from the outside of the preheat container and
approximately ' 30.5 cm (12 in.) from the bottom of the preheat container. This
figure also shows the heat-up rates for the 1.3-cm (1/2-in.) thick top plate

and bottom plate. It is clearly evident that the upper plate, which is separated
by 1.3 cm (1/2 in.) of space, heats up rapidly to the furnace temperature at a
much higher rate than either the thermocouple in the powder or the base plate,
which has powder resting on it.

It was noted that after the upper flange had been at temperature for several
hours, the vacuum level the pumps could maintain deteriorated. It was felt
that this was an indication of a vacuum leak, probably at the upper seal. One
piece was removed from the furnace, and the upper seal was examined to determine
if this was the source of the degradation in vacuum. Disassembly of the upper
joint proved that this was indeed the problem, that the graphite had been
burned out of the asbestos gasket, and that atmosphere was leaking into the
powder and the vacuum pump through this seal. This upper joint was welded to
establish the powder heat-up rate and to allow tryout of the hot compacting
tools before revising the preheat system design.

This upper seal joint was welded together with flux-coated aluminum welding rod
to prepare for continuing the preheat operation. The problem discovered with
the first container was corroborated by the second container, which also showed
gasket deterioration on disassembly. This system was also revised by welding
the upper flanged joint in the vacuum system. Continuation of the vacuum
preheat operation showed no further degradation in the vacuum level in either
system for the remainder of the preheat operation. The heat-up of the powder
was continued after this 4- to 6-hour delay. As indicated in Figure 25, the
overall heat-up time for these powder containers is approximately 30 to 45
hours.

Compacting Die Installation in the Press. Approximately 10 hours before it was
estimated that the powder would be at the desired preheat temperature [approxi-
mately 454°C (850°F) for this operation], the tool operations required to mount
the cylinder in the press were started. The total tool stack used for this hot
compacting operation requires that the 311-MN (35,000-ton) hydraulic press be
stripped to bare platens to allow for the operating height required for these
tools. This press stripping operation can take between 4 and 8 hours, depending
on how recent the last press stripping was accomplished and on the difficulties
encountered in removing the upper and lower hard plates from the press. The
lower hard plate and the upper hard plate assemblies each represent approximately
63.5 cm (25 in.) of steel thickness, to which normal forging dies or heating
assemblies are mounted. For this first operation, removal of the hard plate
assemblies required approximately 7 hours.

The actual mounting of the hot compacting tools in the press started 1 hour
before the powder was to be at the required temperature. The lower hard
plate-die seal assembly is removed from the die heating furnace, transported to
the 311-MN (35,000-ton) press and mounted to the lower platen of the press,



with the lower platen moved outside of the press frame, as shown in Figure 26.
Since this plate locates the entire tool assembly, its location is critical to
locating other components in the press.

After the lower hard plate had been secured to the lower platen of the press,
the cylinder heating furnace was disassembled and opened to remove the cylinder
from the heater for installation in the press. As shown in Figure 27, the
upper insulated 1id is first removed with an overhead crane prior to removal

of the ram and cylinder from the heating furnace. After the 1id has been
removed, the upper ram assembly is lifted out of the cylinder, as shown in
Figure 28. After the ram assembly is lifted, it is rested on the press floor
while the outer frame and burner assembly is lifted off the brick pad that
serves as the bottom of the die heater installation (Figure 29). It is necessary
to remove the furnace to have access to the die lift holes. The cylinder is
placed on the lower hard plate, with the cylinder being located by a tapered
bottom seal shown in Figure 30. After the cylinder is located on the lower
seal, the ram assembly is lowered into the cylinder with the entire tool
assembly outside of the press frame. The lower platen of the press is then
traversed into the press frame (Figure 31) and the upper platen of the press
lowered to make contact with the ram assembly of the tools. The upper ram
assembly is secured to the upper platen of the press, and the ram assembly

then is lifted out of the cylinder with the upper platen of the press, as

shown in Figure 32. With this assembly mounted in the press, the operation is
now prepared for receiving one of the preheated powder containers. In prepara-
tion for receipt of the first preheated container, the cylinder and lower
platen were traversed out of the press frame so that the overhead crane can be
used to lower the preheated powder container into the cylinder.

Vacuum Sealing for Hot Pressing. When the powder in can 354114 exceeded 460°C
(860°F), the die heating furnace was opened by lifting the front door, and the
entire car bottom was advanced out of the furnace shell.

For this first trial operation, one piece was preheated in each of two furnaces
to try out both the preheat operation and the hot compacting tools. It was
apparent that the welded flanges were only partially successful in holding a
vacuum throughout the preheat. While effective for one of the first trial
pieces (S-354109, furnace No. 3) being processed, Sample 354114 developed

leaks in the welded joint at some time during the heating operation, as
indicated by the loss in vacuum shown in Figure 33. This meant that only one
of the two initial trial pieces offered any potential for obtaining reasonable
properties because of the necessity to vacuum hot press. Even with a vacuum
at the end of preheat, the interruption of the preheat cycle to perform the
hot flange welding operation while the powder was hot may have caused oxidation
or other problems.

The pinch/sealing of the evacuation line for Sample 354114 used the pinching
tool in Figure 13 suspended from a man-1ift bucket to pinch the evacuation
line. After a close succession of pinches were made in the evacuation line,
a TIG torch was used to melt through the flattened area of one of the pinches
(Figure 34) to seal the vacuum on both sides of the evacuation line, one side
leading to the can of powder and the second side leading to the vacuum pump.
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P/M Billet Hot Pressing. After the line was severed with the TIG torch, a
fork lift truck was used to lift the can from the car bottom furnace and
transport the can to the side of the 311-MN (35,000-ton) press where the
cylinder awaited its first preheated container. BAn overhead crane was used to
lift the preheated can from the fork lift and lower the can into the cylinder,
as shown in Figure 35. Because of wrinkling of the can adjacent to the
weldment up the side of the can, difficulty was experienced in getting the can
completely into the cylinder. 1In order to try out the tools, the can was
forced into the cylinder with the upper platen and with the ram assembly.

With the can in the cylinder under the ram, the first piece was ready for hot
pressing. A 78.7-cm (31-in.) diameter x 10.1l-cm (4-in.) long slice of 7050

alloy ingot was added on top of the powder container to assure complete filling
of the tapered portion of the cylinder with metal at 100% density. Initially,
six of the eight hydraulic cylinders of the press were used to pressurize the

ram for initiating the hot pressing operation. While displacement was being
carefully monitored during the pressing operation, the upper ram appeared to
cease motion with six cylinders operating. This momentary pause in the ram's
travel was very brief and was followed by relatively rapid but short acceleration
of the ram as metal apparently was pushed between the lower seal and the
cylinder, lifting the cylinder as shown in Figures 36 and 37. It is apparent

from these observations that the required level of friction to hold the cylinder
down on the lower seal was not generated by the tool geometry as it was fabricated.

Detailed stress analyses indicated that the cylinder should have expanded
approximately 0.38 cm (0.150 in.) on the diameter at the lower seal diameter
area. To accommodate this increase in diameter, it was necessary for the
cylinder to move an equal amount [i.e., 0.38 cm (0.150 in.)] down the 45-
degree sealing taper between the cylinder and the lower seal. It was found on
additional measurements after this piece was pressed and the compact removed
from the cylinder that the clearance between the cylinder and the lower hard
plate was 0.076 cm (0.030 in.).

During the hot pressing operation, as pressure was generated in the cylinder,
the cylinder would expand and friction would drive the cylinder down the 45-
degree sealing taper. After the cylinder was driven down 0.076 cm (0.030 in.),
the cylinder apparently bottomed out on the hard plate. Application of
additional pressure resulted in continued expansion of the cylinder lower
diameter, opening the gap between the lower seal and the cylinder, allowing
metal to extrude into this gap and generate cylinder lifting force. As seen
in Figure 36, the net amount of cylinder lift and resultant flash thickness
reached at least 2.5 cm (1 in.) on one side.

Modifications for Further Process Development. This first preheat and tooling
trial resulted in several preheat and tool modifications that would be required
to successfully complete the scaled-up powder compacting feasibility demonstra-
tion. It was apparent that the preheat container design required modification
in three areas: (1) the evacuation system would have to be completely welded
construction and continuous to the valve on the underside of the car bottom
furnace; (2) the can wall thickness should be increased to minimize buckling
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of the can under atmospheric pressure and at relatively high temperatures; (3)
the can diameter should be decreased slightly to accommodate any small variations
in the can diameter as a result of the heating operation. In addition to the

can modifications, it appeared desirable to make several tool modifications.

The first and most important was to increase the cylinder-to-base plate clearance
to allow for proper expansion of the tools and movement of the tools down the
lower seal as the cylinder diameter increased under pressure. Secondly, it
appeared evident that some provision for more positive sealing of both the

lower seal and the upper seal around the sliding ram nose would be necessary

to minimize hang-up potential of these tools.

The hot compacting tools were modified by machining the bottom of the hot
compacting cylinder to remove approximately 0.38 cm (.150 in.) from the bottom
surface, i.e., the surface of the cylinder that faces the bottom hard plate.
Measurements at room temperature after the machining operation indicated that
the cylinder-to-lower base plate clearance averaged 0.46 cm (.180 in.) all
around the cylinder.

Replacement preheat containers were fabricated to 78.7 cm (31 in.) OD with
0.95-cm (3/8-in.) thick wall alloy aluminum plate. Powder for these new
containers was basically the powder that was generated but not preheated in

the December 1974 trials. This powder was transferred to the new preheat
containers and vibratory loaded as previously for the initial loading operation,
as shown in Figure 8. The smaller inside capacity of the new preheat containers
is reflected in somewhat less powder weight per can (Table 7) compared to the
earlier containers (Table 5). This necessitated generation of additional
78.7-cm (31-in.) diameter ingot slices to allow complete filling of the tapered
portion of the hot compacting cylinder.

In addition to the six powders remaining from the first preheat run, one addi-
tional MA87 alloy powder was generated for a one-piece preheat and tooling
tryout. Powder size and composition of this melt (354687) are shown in Tables 3
and 4.

Extrusion of aluminum around the lower seal and some evidence of a small
amount of aluminum extruding around the ram nose indicated the desirability of
additicnal cylinder sealing. The use of sealing rings for both top and bottom
seals of the hot compacting cylinder was suggested from Alcoa's experience
with metal flow control in large extrusion cylinders. These seals are carbon
steel rings machined to a triangular configuration, with their OD equal to the
cylinder diameter at either the upper or lower seal, depending on which location
the seal was intended for. The geometry in which these seals were to be used
is shown in Figure 38. These rings were fabricated from a rolled and welded
ring of carbon steel of the required outside diameter, to be machinable to the
cylinder inside diameter at either the lower seal or the upper seal. After
the triangular rings were machined, each ring was split to allow for expansion
in diameter under pressure to prevent aluminum from extruding during the hot
compacting operation.

With these materials fabricated and tool modifications completed, additional
hot compacting runs in Alcoa's 311-MN (35,000-ton) press were scheduled for
May 10-15, 1975.
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(o Second Experimental Preheat and Billet Hot Pressing - May 1975

Powder and Die Preheating. 1In the initial preheat trial, an excessively long
time was required to heat the powder to temperature when the vacuum is maintained
during the heat-up. Approximately 60 hours' heating time would be required to
get the powder to the desired preheat temperature of 482-510°C (900-950°F).

It is known that powder will heat at a substantially higher rate when gas is
present in the interstices between the powder particles. For this trial, we
allowed the powder to generate its own atmosphere, which for these materials
is a hydrogen atmosphere that results from the decomposition of hydrates on
the aluminum particle surfaces. The powder preheat container was assembled to
the vacuum system as previously, with the changed assembly using a single
piece all-welded vacuum line required to avoid flanged connections in the hot
zone of the furnace. This vacuum line was bolted to an under-car vacuum line
outside the hot zone of the furnace.

The heating of the hot compacting cylinder was initiated approximately two
days before scheduled hot compacting was to take place, with tool heating
performed as previously. Powder preheat rates observed in the first heating
and tool trial in December 1974 indicated that approximately 30 to 36 hours
would be required to heat powder when an atmosphere exists among the powder
particles, as was the case for one of the pieces heated for the December 1974
trial. For this operation, provisions were made to purge the vacuum system
with nitrogen by back filling after initially evacuating the system with the
can and the vacuum system at room temperature. After back filling with nitrogen,
an open valve in the evacuation system provided an exit for expanding gas from
the preheat container. The initial evacuation of the system prior to back
filling indicated that no vacuum leaks existed in the assembled system.

Approximately 12 hours after the cylinder heating was initiated, the first
trial preheat container was advanced into the preheat furnace to initiate the
preheating operation. The heat-up rate observed for this piece (5-354687) is
shown in Figure 39 for a thermocouple located 30.5 cm (12 in.) from the
outside and 30.5 cm (12 in.) from the bottom of the container. The furnace
set temperature initially was 524°C (975°F), with the furnace monitoring
thermocouple at the rear of the furnace near the top.

First Billet Pressing Operation. Approximately 8 hours before the hot pressing
was to begin, the press stripping procedure described earlier was initiated in
preparation for installing the compacting tools in the press.

After 40 hours' heating, evacuation of the preheated container was initiated
with a mechanical pump. After 50 minutes, vacuum was at 6.67 kPa (50 um Hg).
After 53 minutes' rough pumping, pumping with jet-booster pump was initiated,
with thermocouple vacuum gauge going below 133 Pa (1 um Hg) reading within
minutes. Temperatures of container at this point, 41.3 hours after start of
heat-up and 1.3 hours after start of pumpdown, were 516°C (960°F) in the top
surface of the can 485°C (905°F) in the bottom of the can, and 499°C (930°F)
in the powder.



-13-

Die temperatures at installation were as follows: Dbottom hard plate -
399°C (750°F); cylinder at 501-507°C (933-945°F); top hard plate at 474-
488°C (885-910°F). Die installation excluding stripping the press required
66 minutes from lifting the bottom hard plate off the die heating furnace
to completion of bolt-up of the top hard plate assembly to the upper
platen of the press. Cylinder-to-base plate clearance was measured at

0.38 cm (0.150 in.) all around.

Temperatures of preheated container and powder immediately before starting
the evacuation line sealing were: top - 516°C (960°F); bottom - 487°C
(908°F); powder - 502°C (935°F). Vacuum reading was below 133 Pa (1 um
Hg).

Seal procedure consisted of several operations, including the following:
(1) pinching the evacuation line as close to the can as possible [v10 cm
(v4 in.) from the can surface], then four pinches over 3.8 c¢cm (1-1/2 in.)
of pipe length, then one pinch above this area; and (2) weld-melt sealing
through the center of the 3.8-cm (1-1/2-in.) long flattened area with a DC
arc welder and flux-coated aluminum welding rod to simultaneously seal the
vacuum line and separate the can from the vacuum system. The pinching
operation for a later container is shown in Figure 40. For this trial
container, one welding rod sealed 5.7 cm (2-1/4 in.) of the pinch, and a
second rod was required to seal the remaining 1.9 cm (3/4 in.) of the
flattened area. No changes in the vacuum readings were noted during the
weld separation procedure, indicating vacuum retention throughout this
procedure on both sides of the vacuum seal.

After line sealing, the can was transported to the 311-MN (35,000-ton) press
and lifted into the cylinder, as shown in Figure 35. At this point, the
bottom split sealing ring was in place in the bottom of the cylinder. The
cylinder-base assembly was transported into the press under the ram as in
Figure 32 and the pressing of the billet initiated.

The ram was pressed 15 cm (6 in.) into the cylinder to allow adding a short

10 cm (4-in.) thick slice of ingot required to fill the tapered portion of

the cylinder. On top of the ingot slice, the split steel ring with a downward
and inward facing 45-degree taper was added to further restrict aluminum

from extruding into the ram nose-to-cylinder clearance that opens up under
compacting pressure.

Initially, six of eight cylinders were used for pressing to assure retention

of metal in the cylinder, applying 233.5-MN (26,250-tons') load plus approximatelv
17.8 MN (2000 tons') upper platen weight. This is equivalent to approximately
469.5 MPa (68,100 psi) ram face pressure. The ram advanced into the cylinder

to leave 11.4 cm (4-1/2 in.) of cylinder top-to-ram holder clearance, indicating
full density based on metal volume in tools. After two minutes' dwell at
pressure, during which no ram advance occurred, the press was switched to

eight cylinders to allow pressing at 620.5 MPa (90,000 psi) as desired.

Added pressure initially showed no further ram advance but then a sudden

0.6-cm (l1/4-in.) advance, when full line pressure was reached. No pressure
dwell was used with eight cylinders beyond a slow rate of application of
pressure.
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For billet ejection, the press was switched to two cylinders and the ejection
ring installed under the cylinder (Figure 41), with the cylinder suspended

from the upper hard plate with a set of matched chains. On application of two
cylinders' pressure (full pressure was not reached) equivalent to up to 97.9

MN (11,000 tons) or 178.6 MPa (25,900 psi), ejection was accomplished with a
rather sudden movement and pressure release, with the ram bottoming out on the
cylinder. The billet did not fall free from the cylinder, however, but required
more than the pushing stroke of 10.2 cm (4 inches). This was accomplished

after the following tool hang-up was corrected.

On withdrawal from the cylinder, the ram went up 15 cm (6 in.) and then stuck,
with the ram 1lifting the cylinder. Bumping the cylinder with a manipulator
moved the cylinder down 5-7 cm (2-3 in.) further; but separating the cylinder
from the ram required holding the cylinder down to the base plate with heavy
chains and pulling the ram away from the cylinder.

Flash was evident all around the ram as the cause of cylinder hang-up on the
ram. It is apparent that use of a separate, loose ram nose and increased ram-
to-cylinder clearance would be desirable to completely eliminate cylinder
hang-up on the ram with flash. The tapered steel sealing ring did not eliminate
flash around the ram nose but did effectively seal the cylinder at the bottom
and prevent metal extrusion past the bottom seal.

Finished billet (S-354687, MA87 alloy) was 81.76 cm (32-3/16 in.) top diameter,
tapering to approximately 85.1 cm (33.5 in.) bottom diameter x 102.08 cm (40-
3/16 in.) 1long.

Further Billet Generation. Six additional cans of powder, three each of MA67
and MA87 alloys, were connected to the vacuum systems, as shown in Figure 42--
three cans per furnace car. These containers were arranged on the cars as
shown in Figure 43.

Prior to heat-up, each system was vacuum pumped to verify system continuity
and integrity, with No. 3 die heater cans (three) pumping down to 6.0 kPa (45
um Hg) with booster pump operating [to 33.3 kPa (250 um Hg) quickly with
mechanical pump] after retightening some vacuum line bolts. Both systems were
back-filled with nitrogen to assure low oxygen, low moisture atmosphere in the
cans prior to their generating their own H2 atmosphere during preheating.

Heat-up rates observed in these furnaces are shown in Figures 44 and 45.
Furnace No. 3 was substantially slower than Furnace No. 4 due to a number of
malfunctioning burners in this direct gas-fired furnace, further confounded by
a brief furnace shutdown during heating. As evident in the heat-up rates
observed in each furnace, the heating rate in the lower front area of the
furnace was substantially slower than in the center or rear portion of the
furnace. This was contrary to the temperature pattern indicated by earlier
temperature surveys. This appears to be related to closing of an exit vent
from the original design for energy conservation. As a result, the front
powder containers were judged to be too cold for adequate degassing at the
time hot pressing was initiated.
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Because of the faster heat-up rate achieved in Furnace No. 4, evacuation was
started on the three cans in that furnace after 33 hours and 40 minutes'

preheat time, while evacuation of cans on Furnace No. 3 was started after 44-
1/2 hours. Evacuation of containers in Furnace No. 3 proceeded without incident
in 40 minutes, but the three containers in Furnace No. 4 would not pump to

less than 133.3 kPa (1000 pym Hg) vacuum level. Then valves to each can were
cycled, and the center can (S-354108, alloy MA87) was found to be leaking.
Inspection revealed a crack in the side of the can caused by melting from
burner flame impinging on the side of the can. Further evacuation of the
remaining two sound containers proceeded without incident.

Tool installation proceeded as previously outlined, with complete installation

requiring 51 minutes (compared to 66 minutes for the last setup). The intended
order of sealing was planned as follows: 354113 (No. 4, rear); 354110 (No. 3,
rear); and 354112 (No. 3, center). Further heating or moving of 354111 and

354107 containers would allow subsequent hot pressing when they were heated
sufficiently.

Vacuum sealing of 354113 container (MA67) was accomplished as described

earlier, and hot pressing was initiated as the earlier sample. Delay in
completing pressing was caused by initially pressing too far into the cylinder
before adding the ingot slice and sealing ring. The ram was momentarily stuck

to the cylinder with flash but was freed with much less difficulty than previously.
Pressing was completed with additon of ingot and sealing ring in cylinder and
pressing with six cylinders [469 MPa (68 ksi) ram face pressure]. Since the

ram advanced to leave only 10.8 cm (4-1/4 in.) cylinder-to-ram holder clearance
with six cylinders pressing, further application of pressure was deleted from

the procedure.

This billet was ejected with the same procedure used previously but was cleanly
free from the cylinder with 0.64 to 1.3 cm (1/4 to 1/2 in.) of ram travel
remaining. This showed that the cylinder expansion from 469 MPa (68 ksi)
pressure requires 9.5-cm (3-3/4-in.) billet downward displacement to go beyond
the cylinder's elastic grip on the billet, while cylinder expansion from 620.5
MPa (90 ksi) pressure requires 12.7 cm (5 in.) or more downward displacement

to be clear of the cylinder.

The cylinder was again hung up on the ram with aluminum flash, requiring that
the ram be pulled away from the cylinder with heavy chains and cables, not
without some chain link stretching before the cylinder pulled free and fell to
the base plate. Flash around the ram nose was removed before the next billet
was prepared for pressing.

Vacuum sealing of container 354110 (MA87 alloy) was accomplished as described
previously and the container loaded into the cylinder. After correcting an
alignment problem of the cylinder base plate to ram, the billet was pressed
with ingot slice and steel sealing ring in place. After one minute' pressure
dwell with six cylinders, eight-cylinder [311-MN (35,000-ton) hydraulic load
+ dead weight] pressing for 5 seconds was used with almost no evidence of
further ram movement.
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The ejection procedure was applied as previously, but the billet was not free
of the cylinder and, in addition, the cylinder was stuck on the ram as
previously. Attempts to pull the ram out of the cylinder succeeded only in
breaking some large 2.5-cm (l-in.) diameter link chains and 7.6-cm (3-in.)
diameter steel 1lift pins. For personnel safety and press integrity, no
further attempts to pull the tools apart were made, and further billet
preheating and pressing were dropped to allow fabrication and evaluation of
products from available billets with remaining contract funds. The billet
dropped from the cylinder as the cylinder cooled approximately one day after
pressing, but the ram assembly had to be partially disassembled to allow the
ram nose to be pushed out of the container. ’

D. Fabrication of Mill Products

From the billet pressing operations, three billets resulted--two MA87 and
one MA67. Mill products to be fabricated from these billets after scalping
were as follows:

MA87 - 354687

Forge to slab; roll to 5~-cm (2-in.)} plate.

- 354110

Forge to 63.5 cm (25 in.) diameter;
extrude Section 263902.
- Generate a cylinder-type die forging.

MAG7 - 354113

Forge to 63.5 cm (25 in.) diameter;
extrude Section 263902.
- Generate a cylinder-type die forging.

The billets were scalped to 76.2 cm (30 in.) diameter and etched to show the
remainder of the encapsulating can. As shown in Figure 46, all but 354113
cleaned up completely in the initial scalp. For initial forging, the can
ends were left on the compact to aid in the detection of end defects.

Plate. To fit Alcoa's Davenport {(Iowa) Works plate mill, a minimum 76-cm
(30-in.) width was necessary to guide a slab through the 406-cm (160-in.)

mill. Further, it was desired to use hot rolling for as much of the fabrication
as possible, so a forged slab thickness of 30.5 cm (12 in.) was chosen, thus
leaving the slab length at 160 cm (63 in.), somewhat shorter than optimum

for feeding the 406-cm (160-in.) mill.

The hot pressed compact was reheated to 371°C (700°F) and draw-forged, as

illustrated in Figure 47, to 30.5 cm (12 in.) thick x 76 to 77.5 cm (30 to
30-1/2 in.) x 160 cm (63 in.) long, with the cylinder-filling ingot slice

delaminating early in forging.

This slab (shown in Figure 48) was shipped to Alcoa's Davenport Works where
it was scalped to 27.46 cm (10-13/16 in.) thick and sawed to 151.3 cm (59-
1/16 in.) long to square the ends for uniform bite in the mill. The slab
was reheated to 399°C (750°F) for 16 hours and hot rolled with the rolling
schedule shown in Table 8, with metal starting temperature of 371°C (700°F)
and finish temperature of 304-316°C (580-600°F).
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The plate was rough sawed to 73.98 cm (29-1/8 in.) wide x 706 cm (278 in.)
long and heat treated at Davenport Works as described in the following section
on properties.

Extrusions. Two compacts for generating extrusions and die forgings were
scalped and were reheated to 366-388°C (690-730°F) and draw-forged to 64-cm
(25-in.) diameter x 117-122 cm (46-48 in.) long. Both pieces had a 7.6 to
8.9-cm (3 to 3-1/2-in.) deep center pipe at the billet end that had been the
bottom of the compact. A section of the forged compact from the bottom end
[73.7-cm (29-in.) length of 354110 and 77.5-cm (30.5-in.) length of 354113]
was cut from the 64-cm (25-in.) diameter forging for extrusion stock for
Alcoa's Lafayette (Indiana) Works. Section 263902, shown in Figure 49 (12.08
extrusion ratio), was selected for evaluation because of its testability and
because it has been fabricated and tested extensively in other alloys, including
7050.

The billets for extruding were scalped to 62.8 cm (24-3/4 in.) diameter, sawed

to lengths of 63.8 cm (25-1/8 in.) (354110) or 60.3 cm (23-3/4 in.) (354113),
induction reheated to 427°C (800°F), and extruded from a 64.l1l-cm (25-1/4-in.)
diameter cylinder operated at 399°C (750°F) in the 124.4 MN (14,000-ton) press

at Alcoa's Lafayette Works. MA87 was extruded at 13.7 cm (5.4 in.) per minute
product speed, breaking out at 214 MPa (31.1 ksi) and running at 175.8 MPa

(25.5 ksi). Some corner checking was observed in the first six feet of product,
suggesting that somewhat lower extrusion temperature or slower product speed
would be desirable. Approximately 4.9 M (16 ft) of product length were generated
in MAS87.

MAG7 was reheated to 410°C (770°F) for extrusion, breaking out at 188 MPa
(27.3 ksi) and running at 167 MPa (24.2 ksi) at product speed of 8.4 cm
(3.3 in.) per minute. No checking was observed on the MA67 extrusion over
its 5-M (16-1/2-ft) length.

The extrusions were heat treated and aged at Alcoa's Lafayette Works as described
in the following section on properties.

Die Forgings. Initially, a die forging normally fabricated from hand-forged
stock was to be generated from the 63.5-cm (15-in.) diameter forged billet
sections. TFurther draw forging to 38.1 cm (15 in.) diameter at 371°C (700°F)
resulted in extensive cracking of the billets, severely limiting the amount of
sound metal remaining for further preform forging. When further forging of

the sound portion of the 38.l1-cm (15-in.) diameter billets resulted in further
cracking, an alternate forging was selected for evaluation--die 12767 (Figure 50).
This cylinder forging is normally generated from extruded 1l.4-cm (4-1/2-in.)
diameter stock.

Accordingly, 27.9-cm (1l-in.) diameter billets were machined from the P/M
forged cylinders, generating two MA87 billets and one MA67 billet. These
were induction reheated to 427°C (800°F) and extruded at ATC to 1ll.4-cm (4-
1/2-in.) diameter rod at 30.5 cm (1 ft) per minute product speed to generate
stock for making two MA87 and one MA67 forgings.
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The forgings were generated with two press operations in a 71.1-MN (8000-ton)
press at Alcoa's Cleveland Works, reheating stock to 382°C (720°F) and forging
in 360°C (680°F) dies, cold trimming forgings to remove flash, reheating to
404°C (760°f), and forging to the finish configuration in dies at 343°C (650°F).

The forgings were heat treated to a T6 temper at Alcoa's Cleveland Works as
described in the properties section that follows.

ITI. PROPERTIES OF PRODUCTION-FABRICATED P/M MILL PRODUCTS

A. Plate

Alloy MA87 5-cm (2-in.) thick plate was heat treated at Alcoa's Davenport
Works for 2.4 hours at 471-493°C (880-920°F), cold water quenched, stretched
2.6%, naturally aged five days, and artificially aged 24 hours at 118°C (245°F).
The plate was ultrasonically inspected and a number of sonic indications
marked to define property sampling locations. The plate was second-step aged
at Alcoa Technical Center, with individual pieces being aged 1, 4, 14, and 24
hours at 163°C (325°F). These pieces of plate were sampled for longitudinal,
long transverse, and short transverse tensile specimens, compact tension
fracture toughness specimens, longitudinal axial-stress smooth and notched

(K., = 3) fatigue specimens, short transverse 0.3-cm (1/8-in.) diameter tensile
specimens for stress corrosjon tests, and panels for the EXCO predictive
exfoliation corrosion tests  with surfaces machined to expose mid-thickness
and thickness/10 planes in the plate.

Results and Discussion: Plate. Results of tensile and fracture toughness

tests are summarized in Table 9; accelerated stress corrosion and exfoliation
corrosion tests are in Table 10; and fatigue test results are shown in Tables 11
and 12. These properties are discussed below.

The strength/fracture toughness relationships for MA87 plate are shown graphically
in Figure 51 for all three test directions. Several significant points to
note are:

1. Very high fracture toughness in all test directions was demon-
strated, with MA87 having higher toughness than 7050-T73651 plate
at equal strength or equal toughness with 6-8 ksi higher yield
strength in longitudinal and short transverse directions.

2. Unusually high, long transverse strength was observed, which may
be related to the "draw" forging procedure used to generate the
rolling slab (see Figure 47). Plate grain texture may explain this
strength difference.

3. Compared to lab-fabricated 3.8-cm (1l.5-in.) thick MA87 plate, this
production-fabricated plate has nearly identical strength and short
transverse fracture toughness but somewhat lower longitudinal fracture
toughness. Since these longitudinal toughness values are invalid
K_ 's, it is possible that this longitudinal toughness difference
£6F valid tests may be less than shown here.
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Compared to 7475 plate, MA87 appears to be comparable in toughness,
although MA87's high long transverse strength in this plate suggests
a superior strength/toughness relationship for MAS87.

The strength/stress corrosion cracking resistance relationships for the
various tempers of MA87 plate are shown in Figure 52. Significant observations
from this information include:

1.

Aging for 14 hours at 163°C (325°F) is necessary to reach near
immunity to SCC, as indicated by passing 84 days without failure at
310 MPa (45 ksi) stress. In this temper, MA87 with 448 MPa (65 ksi)
short transverse yield strength is equal in strength to 7075-T651
but with substantially better SCC resistance.

Short time second-step aging [4 hours at 163°C (325°F)] generates an
intermediate level of SCC resistance, approximately equivalent to
that of 7075-T7651 but at a short transverse yield strength of 476
MPa (69 ksi). This compares to 427 MPa (62 ksi) yield strength for
7075-T7651 or 7050-T73651.

Compared to 7050-T73651 plate, MA87 offers equal SCC resistance with
up to 13% stronger than 7050-T73651, 41-55 MPa (6-8 ksi) higher short
transverse yield strength.

Fatigue performance of MA87 plate is summarized in Tables 12 and 13 and shown
graphically in Figures 53 and 54 for notched and smooth specimens, respectively.
Notable observations in these data include the following:

e

For the stronger MA87 tempers (e.g., Sample 355471), notched fatique
strength indicates a 131-138 MPa (19-20 ksi) endurance limit (>10
cycles to failure), which is substantially superior to 7050-T73651
and 7075-T7351 plate, with endurance limits on the order of 83-90
MPa (12-13 ksi).

Notched fatigue appears to be influenced by strength, as indicated
by somewhat lower endurance limits projected for the lower strength
tempers of MA87 plate, although these are better than 7050 and 7075.

Smooth specimen fatigue performance shows considerable scatter, but
results show P/M MA87 plate generally above 7050-T73651 and at the
top of the scatter band of 7075-T7351. Smooth specimen endurance
limits appear to be in the range of 241-262 MPa (35-38 ksi).

Exfoliation corrosion testing has been limited to the predictive MASTMAASIS
and EXCO tests, with the results shown in Table 11 and Figure 55. Differences
in exfoliation ratings in these two tests suggest that the EXCO rating is
confused by structure-corrodant interactions that are an artifact of this
test. While further study of predictive tests for P/M products is underway, it
is felt that the following observations based on the MASTMAASIS are most
accurate until atmospheric tests are completed:

1.

While slight exfoliation occurred with slightly increased overaging,
SCC resistance improved markedly as a result of the same slight
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overaging. In ingot 7XXX series alloys, exfoliation resistance is
improved by slight overaging, but extensive overaging is required to
raise SCC resistance.

2r With the MASTMAASIS test showing no worse than E(A) ratings for any
temper, MA87 plate can be expected to show no exfoliation in service.

MA87 achieves good general corrosion resistance at near its peak strength of
74 ksi longitudinal yield strength. Testing in other accelerated and natural
atmospheres will be used to establish the true corrosion ratings of this plate
and establish correlation between these predictive ratings shown here and true
atmospheric exposure.

B. Extrusions

MA67 and MA87 extrusions in the section shown in Figure 49 were heat

treated at Alcoa's Lafayette Works for 2 hours at 488-493°C (910-920°F), cold
water spray quenched, naturally aged six days, and artificially aged 24 hours
at 121°C (250°F). The extrusions were second-step aged as individual sections
at 163°C (325°F) for the times shown in Tables 14 and 15. These sections were
each sampled from the 4.6-cm (1.8-in.) thick center section for longitudinal,
long transverse, and short transverse tensile properties, for 0.3-cm (1/8-

in.) diameter short transverse tensile specimens for stress corrosion tests,
and panels for the EXCO predictive exfoliation corrosion tests that expose
mid-thickness and thickness/10 planes from the center section of the extrusion.

Results and Discussion: Extrusions. Tensile and fracture toughness properties
of the P/M extrusions are summarized in Tables 14 and 15, stress corrosion
cracking and exfoliation corrosion test results in Table 16, notched specimen
fatigue results in Table 17, and smooth specimen fatigue results in Table 18.
The results of these tests are discussed below.

Strength properties of the P/M extrusions shown in Tables 14 and 15 are substantially
below strengths demonstrated earlier for 5-cm (2-in.) diameter extruded rod in

these same alloys. For the same temper, these production-scale extrusions

have longitudinal yield strengths from 27 to 90 MPa (4 to 13 ksi) lower than
previous, lab-fabricated extrusions. These ‘differences were greatest for the

higher strength tempers, as illustrated in Figure 56, where the relationship

between yield strength and electrical conductivity is shown for both alloys in

lab and plant-fabricated extrusions. From this figure, significant observations
include: !

1. Production extrusions have much lower strength at equal conductivity
or lower conductivity at equal strength compared to lab 5-cm (2-
in.) diameter extrusions.

2. For an identical temper (points marked with the same number),
conductivity is generally higher and strength lower for the plant
P/M extrusion.

Since electrical conductivity in these materials is strongly dependent on the
amount of soluble elements out of solution, and equal conductivity indicates
approximately equal amounts of the strengthening elements out of solution,
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lower strength for an equal conductivity indicates a less efficient distribution
of these soluble elements in the plant P/M extrusions. This could occur under
several possible circumstances:

1. Inadequate heat treatment time or too low a temperature to dissolve
all of the soluble elements in the solution heat treatment.

2% Delay and slow cool from solution treatment heating operation to the
water quenching operation.

3k Slow quench of the extrusions due to spray quench equipment malfunction.
. ». ! . . 6
4. Excessive quench sensitivity, beyond the previous estimates.

Alcoa has initiated programs to develop corrective action and generate strengths
comparable to those achieved in small-scale extrusions. These include the
following:

1. Establish the effect of the billet processing differences between
lab-scale and plant-scale processes on strength and structure of
products.

2, Establish solution heat treatment time required for complete soluticn
of soluble elements in extrusions from 84-cm (33-in.) diameter P/M
hot pressed billet.

3. Verify quench sensitivity rating of these materials with samples
from P/M extrusions. Earlier work with extrusions suggested that
95% of maximum strength could be achieved in cold water quenching of
5-cm (2-in.) thick sections.

4. Determine effect of heat-up time to second-step age temperature on
T7 temper properties.

5. Establish the effect of stretch on aging kinetics and maximum strength
achieved in P/M extrusions.

Preliminary results of reheat treatment show the conductivity to be decreased
over the plant heat treated extrusions, as summarized in Table 19. The 3%
lower conductivity for the ATC reheat treated samples could be indicative of
48 to 76 MPa (7 to 11 ksi) higher strength in the T6 temper, as has previously
been demonstrated for hand forgings as shown in Table 20. The reheat treated
samples are being tested for mechanical properties to confirm achieving the
full strength capability of these alloys as extrusions.

The low strength achieved in these extrusions biases the bulk of the property
comparisons, reducing the overall property advantages these materials have
demonstrated in the laboratory. The fracture toughness to yield strength
relationships for these extrusions are shown in Figure 57, with the lab-
fabricated extrusion properties included for comparison. As indicated earlier,
not only is strength lower than lab extrusions, but fracture toughness is also
lower in the longitudinal direction for both alloys and in the short transverse
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direction for MA87. Even with apparently low strength, MA67 extrusions match
the short transverse toughness-strength capability of 7050-T73651 but was
somewhat lower than 7050 in the longitudinal direction.

MA87 extrusions developed lower toughness than MA67, which may be indicative

of inadequate vacuum in the hot pressing operation, or very slow guench, which
can reduce both strength and toughness. This latter effect was clearly shown

in earlier work with two of the P/M alloys in Phase IVA, reported in Reference 7,
shown here in Figure 58. While the toughness reduction with slower guench is
exaggerated with these alloys, the general effect may partially account for

the lower toughness in these extrusions, with a predictive quench rate of 21°C
(38°F) per second for a cold water immersion quench, compared to 89°C (160°F)

per second quench rate for the 5-cm (2-in) diameter lab-processed extrusions.

The low strength of these extrusions results in a reduced strength-SCC rating
for these materials compared to the earlier, lab-fabricated extrusions, as
shown in Figure 59. Notably, at 310 MPa (45 ksi) sustained stress for MA87,
the yield strength (YS) at which SCC greatly diminishes is on the order of
503 MPa (73 ksi) compared to 462 MPa (67 ksi) for this plant-fabricated MA87
extrusion for 30-day exposure in the A.I. test.

After 84 days' exposure (Figure 60), the rating of these plant P/M extrusions

is unchanged from 30-day exposure results, while the lab extrusions show some
decline in SCC performance. At 310 MPa (45 ksi) stress, both plant and lab
extrusions show good SCC resistance at 462 MPa (67 ksi). At 241 MPa (35 ksi)
stress, the difference between extrusions is evident in a 48 MPa (7 ksi)
difference in strength, with the lab extrusion stronger than the plant extrusion
with no SCC failures.

Compared to 7050 alloy (Figure 60), the P/M extrusions still show substantial
superiority in strength with SCC resistance. AT 310 MPa (45 ksi) stress, MA87
at 462 MPa- (67 ksi) YS and MA67 at 455 MPa (66 ksi) passed 84 days without
failure in the A.I. test, while 7050 samples of extrusion 263902, aged to 427
MPa (62 ksi) YS, failed at this stress. At 241 MPa (35 ksi) stress, MA67 at
483 MPa (70 ksi) ¥YS and MA87 at 462 MPa (67 ksi) YS passed 84 days without
failure, while 7050 at 427 MPa (62 ksi) showed predominantly failure. At

172 MPa (25 ksi) stress, MA67 at 483 MPa (70 ksi) YS and MA87 at 462 MPa

(67 ksi) ¥S passed 84 days without failure, while 7050 had to be aged down to
427 MPa (62 ksi) YS to pass 84 days without failure in the A.I. test. This
indicates at least a 55 MPa (8 ksi) superiority for MA67 and 34 MPa (5 ksi)
superiority for MA87 when compared to 7050 in this same extrusion section.

Exfoliation-strength ranking of these materials used only the EXCO predictive
test , and the ratings in Table 16 are biased by an apparent corrosion rating
that may be an artifact of this test, as indicated in Table 11 for plate.
Further, the strength of these extrusions was low, and the exfoliation behavior
was substantially lower than previously observed for wide, thin P/M extrusions,
as reported in Reference 3. As shown in Figure 61, lab-fabricated MA67-T6
showed no exfoliation at 95 ksi YS, and MA65-T6 (Al-6.5Zn-2.3Mg-1.5Cu) showed
no exfoliation at 81 ksi YS. 1In contrast, the large-scale extrusions had
slight exfoliation (E-B rating) for short overaging cycles and improved in
exfoliation rating at strengths below 7050-T7651. It is recognized that slow
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cooling affects corrosion resistance as well as strength in 7075-T6, where
intergranular corrosion characteristic of poor exfoliation registance occurs
for heat treatment quench rates under 13°C (55°F) per second. With a cold
water immersion quench, these 4.6-cm (1.8-in.) thick extrusions would be
expected to experience a quench rate of 21°C (38°F) per second, possibly
leading to the exfoliation behavior experienced.

Fatigue performance of these P/M extrusions was only slightly diminished by
the low strength, as shown in Figure 62. While lab-produced MAR7 showed an
endurance limit (i.e., maximum stress without failure at 10'-10 cycles) of
152 MPa (22 ksi) the plant-produced 67 passed 10 cycles at 138 MPa (20 ksi)
maximum stress. Alloy MA87 passed 10  cycles with 124 MPa (18 ksi) maximum
stress, indicating that its notched fatigue performance is slightly lower than
MAG67 but still of a high order.

Compared to ingot alloy extrusions in 7075-T7651 and 7050-T7651, both P/M
alloys in plant-scale extrusions are substantially superior in notched fatigue
resistance. The P/M alloys have 30 to 80% higher notched fatigue stress
capability compared to the ingot alloys even though these P/M extrusions have
lower strength than expected. It is likely that fatigue performance will be
enhanced by reprocessing to raise the strength of these materials.

Smooth specimen fatigue performance (Figure 63) for these materials shows
considerably more scatter than usually observed in smooth specimen fatigue
tests. Even with this scatter, these materials developed superior overall
smooth specimen fatigue performance compared to 7075 and 7050 extrusions, as
shown in Figure 63. 1In the life range from 10 to 10 cycles, the superiority
in performance ranges from 6 to 44% higher fatigue stress capability compared
to the ingot alloy extrusions. It is expected that this fatigue performance
would be enhanced by strength improvement that should accompany reprocessing.

C. Forgings

MA67 and MA87 die forgings in Section 12767, shown in Figure 50, were heat
treated at Alcoa's Cleveland Works for 2 hours at 493°C (920°F), cold water
immersion quenched, naturally aged five days, and artifically aged 24 hours at
121°C (250°F). One half of a complete forging was aged at 163°C (325°F) for
each of the times shown in Tables 21 and 22. These forging sections were
sampled for longitudinal and short transverse tensile and compact tension
fracture toughness specimens from adjacent to the forging center line, and for
short transverse tensile specimens across the forging's parting plane, as
close to the forging surface as possible, for tensile properties and SCC
testing.

Results and Discussion: Forgings. Tensile and fracture toughness results on
forgings are summarized in Tables 21 and 22 and stress corrosion test results
in Table 23.

Strength of these forgings is substantially lower than previously observed for
lab-scale P/M die forgings for the same temper, as shown in Table 24, for
specimens taken from near the center line of the 10.8-cm (4-1/4-in.) diameter
forging section.
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For short transverse specimens, the near-surface specimens in MA87 nearly
matched the thinner section die 9078 strength in the same alloy, but the MA67
near-surface specimens were 48 MPa (7 ksi) lower in strength than the die 9078
forging strength. The 3-4% higher electrical conductivity of the die 12767
forgings (taken near the forging's center line) for the same temper as in the
die 9078 forgings may be indicative of inadequate heat treatment or slow
quench. The 48 to 55 MPa (7 to 8 ksi) lower strength for the center line
specimens compared to the near surface specimens is at least partially the
result of quench rate differences between surface and center line for this
10.8-cm (4-1/4-in.) diameter section. Reheat treatment of sections of these
forgings will be conducted to verify the full property capability of these
alloys in this type of forging.

Strength with fracture toughness relationships for these forgings is shown in
Figure 64. As indicated above, the lower strength of these forgings is illustrated
here for tempers of forging 12767 similar to the tempers of forging 9078

previously generated. Longitudinal toughness of these forgings appears to

fall on nearly the same strength/toughness linear relationship as the 9078

forgings in both alloys. This could well be an effect of the decreased quench

rate experienced by these forgings compared to the thinner cross section

die 9078. Reheat treatment of thinner section samples from these forgings

will be conducted to verify strength/toughness capability of these forgings

and help further define application limitations for these alloy-products.

Even with depressed strength, the die 12767 forgings are comparable in their
strength/toughness relationships to 7050 alloy forgings, as illustrated in
Figure 64 by the relationship of the die 12767 P/M forging data points to the
7050-T736 forging toughness band. MA87 had higher toughness than MA67 in the
longitudinal direction at the top of the 7050 band. In the short transverse
direction, no differences were observed between the P/M alloys, with their
strength/toughness relationship near the center of the 7050-T736 band. The P/M
forgings developed substantially superior toughness compared to ingot alloy
7075 forgings in both test directions shown in Figure 64.

Stress corrosion performance of the P/M forgings is summarized in Table 23 and
Figure 65. While these forgings are not as strong as earlier P/M forgings,
both MA87 and MA67 developed superior strength at equal stress corrosion
resistance compared to I/M 7050 forgings. This strength advantage was on the
order of 14%, while earlier lab-scale P/M forgings developed 20-30% higher
strength than I/M 7050. )

D. Summary of Properties of Mill Products from 1545-kg (3400-1b) Billets

MAB87 5-cm (2-in.) Thick Plate

1. Strength with equal SCC resistance - 13% stronger than I/M 7050-T736
plate.

2. Fracture toughness/strength relationship comparable to 7050, 7475
prlate.

8. Notched fatigue strength - 30 to 50% higher than I/M alloys.
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4. Smooth fatigue strength comparable to the best of 7075 plate, at the
top or slightly above the 7075 fatigue band.

5. Strength with equal exfoliation - 14% stronger than 7050-T73651
plate.

Extrusion Property Summary - Section 263902

1. Strength 26 to 97 MPa (4 to 14 ksi) lower than expected because of
inadequate heat treatment. Additional reheat treatment and testing
will verify property equality with earlier, lab-fabricated products.

2. Strength with equal SCC resistance - 5 to 8% stronger than 7050.

3k Fracture toughness comparable to 7075 but lower than 7050 in longi-
tudinal direction, comparable to 7050 in short transverse direction.

4. Notched fatigue strength 30 to 80% higher than I/M alloys at 107—
10 cycles.

5r Smooth fatigue strength 6 to 44% higher than I/M alloys at 106—108
cycles.

6. Strength with equal exfoliation comparable to 7050 alloy.

Die Forging Property Summary — Die 12767

1. Strength lower than expected by 62 to 117 MPa (9 to 17 ksi), at
least partially because of the slow quench experienced in the center
of the 10.8-cm (4.25-in.) diameter forging section testing, compared
to the thinner section die forging tested earlier.

20 Strength with fracture toughness comparable to 7050 and 7049 alloys,
substantially superior to 7075.

3. Strength with equal SCC resistance - P/M alloys 8 to 14% stronger
than I/M 7050.

III. CONCLUSIONS AND RECOMMENDATIONS FOR APPLICATION OF THIS DEVELOPMENT

A. Conclusions
1. Process.
a. 1545-kg (3400-1b) vacuum hot pressed P/M billets can be success-

fully generated.

b. Production-scale feasibility has been demonstrated for generating
mill products from hot pressed 1545-kg (3400-1b) powder metal-
lurgy billets.
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Heating time for the encapsulated powder, on the order of 36
hours, is the limiting operation in establishing volume billet
production capability without heating furnaces tailored for
this operation.

Compacting tool revisions to incorporate a loose dummy block
are desirable to aid tool alignment and increase billet
pressing rate.

Feasibility of successfully eliminating the cold compacting
operation before encapsulation and preheat was demonstrated.

Feasibility of ambient atmosphere preheating followed by evacua-
tion and vacuum hot pressing was demonstrated as a viable
alternate to a vacuum preheating atmosphere.

Revised preheat container design was developed to minimize can
wall buckling from hot evacuation of the interior of the can.

New can vacuum sealing and vacuum-line separation techniques
were developed that use unshielded arc melting of a flattened
section of pipe with a flux-coated aluminum welding electrode.

No process limitations were observed that would preclude further
scale-up of the process other than the requirements for longer
preheat time and handling equipment for larger, heavier powder
containers and billets.

Properties.

a.

Feasibility has been successfully demonstrated for scaling up
powder metallurgy mill products and duplicating the properties
of laboratory P/M mill products, as in the case of MA87 plate.

P/M mill products developed 30-80% higher notched fatigue
strength compared to ingot alloy products.

P/M MA87 plate can match the SCC resistance of 7050-T736 plate
but with 13% higher strength than 7050 plate.

P/M MA87 plate can match or exceed the fracture toughness
capability of I/M 7050 or 7475 plate.

P/M MA87 plate developed superior exfoliation resistance compared
to I/M 7075 and I/M 7050 plate.

Exfoliation resistance rating of P/M plate from the EXCO predic-
tive test shows anomalous changes in rating of mid-thickness
planes during overaging. This and other test exposures will

have to be correlated with atmospheric exposure to obtain a

true exfoliation rating of these materials and find the predictive
test most representative of atmospheric performance.
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Lower strength in production P/M extrusions than expected
appears to be related to inadequate heat treatment, with
reheat treatment changing the hardness and conductivity to
near the expected value, comparable to the lab-fabricated
products in the same, maximum strength temper.

Despite low strength from inadequate heat treatment, P/M MAS87

and MA67 extrusions still developed superior strength/SCC
combinations compared to 7050 alloy, having 34 MPa (5 ksi) and

55 MPa (8 ksi), respectively, higher strength compared to

equally SCC-resistant tempers of 7050 alloy in the same extrusion
section.

While production-scale P/M extrusions had lower toughness than
expected, these materials still developed strength/ toughness
relationships comparable to 7075 and nearly equal to 7050
extrusions in the short transverse direction.

Exfoliation corrosion resistance ratings of P/M extrusions from
the EXCO predictive test show apparent anomalous changes in
exfoliation rating that do not correlate with SCC behavior
changes as observed normally for 7XXX materials. Tests of
reheat treated material will be required in this and other
predictive tests along with correlation to atmospheric exposure
to verify ratings.

Lower strength than expected in P/M die forgings appears to be
partially related to quench sensitivity of these materials,
which was emphasized in the 10.8-cm (4-1/4-in.) diameter forging
section tested where test specimens were taken from near the
forging center line.

Even with low strength, the production-scale P/M forgings
developed combinations of strength and toughness comparable to
7050 and 7049 alloys, and substantially superior to 7075.

Larger scale billets and mill products require preheating or
longer solution heat treatment than laboratory P/M mill products
for successfully developing their full property capability.

To successfully develop superior performance compared to
existing commercial I/M alloys, application of P/M materials
may be limited to section sizes somewhat thinner than those
used for 7075 alloys.

B. Recommendations

1.

Further Process Development.

A number of process refinements are desirable for reduction in cost
and improvement in P/M product capability. The following will
enhance viability of this process:
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Development of preheat and evacuation procedure variations to
accelerate those operations and allow the use of a separate hot
evacuation and can sealing station would increase the production
rate capability and volume per batch by allowing use of a wide
variety of furnaces.

Development of alternate tool handling procedures would accelerate
pressing rate capability for billet generation.

Billet ejection should be mechanized to simplify and accelerate
that operation.

Development of further scale-up to 4545- to 9090-kg (10,000-to
20,000-1b) billet size is desirable to allow practical application
of plate products in P/M alloys. Development of pressing
techniques to generate large rectangular slabs for direct

rolling to plate is desirable to eliminate preforging of cylind-
rical compacts to slab shape.

Development of an innovative procedure to avoid the need to
preheat loose powder in the large mass required in the existing
process is desirable to greatly accelerate potential production
rate for billet making. Examples might include precompacting
low density pellets, inert conveyor preheating, hot inert
charging, and die evacuation for vacuum hot pressing.

Establish limits for hot working reductions for preforming to
make forging stock, as opposed to use of extruded forging stock
for relatively small die forgings.

Further Property and Product Development.

a.

Establishment of composition limits, standard tempers, and
generation of material for complete engineering property charac-
terization for Mil. 5 Handbook data is necessary for serious
application evaluation of P/M alloys MA87 and MAG67.

Generate Mil. 5 Handbook data and design allowable mechanical
properties for P/M mill products.

Establish product thickness limitations of application for
these materials related to quench sensitivity for strength,
toughness and corrosion resistance.

Establish fatigue crack propagation characteristics of production-
scale P/M mill products under constant amplitude and spectrum
loading in a variety of atmospheres to expand on fatigue
improvement demonstrated in axial stress tests.

Develop alternate alloying additions for cobalt that enhance
SCC resistance without the toughness reduction associated with
high cobalt content in MAG67.
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f. Establish corrosion characteristics to microstructure correlation
to optimize strength/corrosion relationships for all P/M products,
notably for exfoliation resistance rating.

g. Establish fracture touchness and fatigue performance correlations
with microstructure to optimize processing for optimum properties

at high strength in various products.

h. Develop weldable alloys for extruded multi-void hollow shapes
for military bridge application.

Application Evaluations.

To confirm the usefulness of applications, it is recommended that a
number of components be generated and tested by producers and by
component manufacturers for both coupon and full-scale part testing.
The following are suggested example components:

a. Generate and test P/M alloy helicopter rotor hub components to
demonstrate fatigue life improvement.

b. Generate and test P/M plate in high strength tempers for high
threat ballistic performance, notably against shaped charge

rounds.

Cls Generate and evaluate P/M aluminum cartridge cases for improved
performance.

d. Generate and test P/M forged tank track shoes for weight reduc-

tion and improved reliability.

e. Evaluate P/M alloy products for reducing parasitic weight in
munitions systems and improving reliability over I/M alloys.
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1409 kg (3100 Ib) MA87 ALLOY ISOSTATIC COMPACT

Figure 4
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Figure 7
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COMPLETE POWDER PREHEAT AND
EVACUATION CONTAINER

Figure 9
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ASSEMBLED VACUUM PUMPS SHOWING CONNECTIONS
TO UNDER - CAR EVACUATION SYSTEM. CONTROL
PANELS AND LINES NOT SHOWN.

Figure 11
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EVACUATION-LINE PINCH OFF TOOL ASSEMBLY.
SHOWN WITH PINCHED 5 cm (2") ALUMINUM PIPE

Figure 13
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COMPACTING CYLINDER
OUTER CONTAINER

Figure 15



a RAM NOSE PIECE
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Figure 16



TOP AND BOTTOM HARD PLATES TO
SECURE TOOLS TO PRESS PLATENS

Figure 17



BOTTOM SEAL FOR HOT COMPACTING CYLINDER

Figure 18



ASSEMBLED HOT COMPACTING TOOLS
Figure 19



PORTABLE DIE HEATER FOR PREHEATING COMPACTING
CYLINDER AND RAM ASSEMBLY

Figure 20



DIE HEATER FURNACE LID

Figure 21



DIE HEATER FRAME WITH INSTALLED PANEL BURNERS

Figure 22
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HEATING LOWER BASE PLATE - CYLINDER SEAL ASSEMBLY

Figure 24
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LOWERING BASE - LOWER SEAL ASSEMBLY TO
LOWER PLATEN OF PRESS TO INITIATE
TOOL INSTALLATION IN 311 MN (35,000 T) PRESS

Figure 26



LIFTING DIE HEATER -URNACE LID FROM
FURNACE FRAME

Figure 27



LIFTING RAM ASSEMBLY FROM DIE HEATER
Figure 28



LIFTING DIE HEATER FROM AROUND HOT
COMPACTING CYLINDER

F gure 29



HOT COMPACTING CYLINDER BEING LOWERED
TO THE BOTTOM SEAL

Figure 20



BASE PLATE, CYLINDER AND RAM ASSEMBLY
BEING TRANSPOATED INTO THE PRESS

Figure 31



HOT COMPACTING CYLINDER AND RAM
ASSEMBLY IN 311 MN (35,000 T) PRESS.

Figure 32
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WELD - SEALING EVACUATION LINE PRIOF TO
HCT PRESSING - SAMPLE 354114

Figurs 34



EVACUATED POWDER CONTAINER BEING LOADED
IN HOT COMPACTING CYLINDER

Figure 35



ALUMINUM FLASH EXTRUDED PAST BOTTOM CYLINDER
SEAL ON EAST SIDE OF PRESS

Figure 36



ALUMINUM FLASH EXTRUDED PAST BOTTOM CYLINDER
SEAL ON WEST SIDE OF PRESS

Figure 37
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POWDER PREHEAT CONTAINERS WITH EVACUATION LINE
BEING PINCHED CLOSED PRIOR TO WELD-SEALING

Figure 40



EJECTED BILLET UNDER SUSPENDED CYLINDER.
EJECTION SPACER RING IS SHOWN ON
BOTTOM HARD PLATE

Figure 41



VACUUM PUMP AND FURNACE CAR ASSEMBLY WITH THREE
POWDER CONTAINERS FOR PREHEATING

Figure 42
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MA87
5-354108
MA87 MAG/.
5-354107 S-354111
FRONT , FRONT
#3 DIE HEATER #4 DIE HEATER

ARRANGEMENT OF POWDER CONTAINERS IN
FURNACES FOR PREHEATING

Figure 43
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MAB87

S-354687
MAB87
S-354110
SCALPED AND
ETCHED HOT
PRESSED COMPACTS
MAG67
S-354113

FIGURE 46
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FORGED P/M MA8/7 SLAB TO BE
ROLLED TO 5 cm (2 - in.) PLATE

Figure 48
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Figure 57
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TABLE 1

DESIGN FACTORS FOR LARGE-SCALE COLD ISOSTATIC TOOLING

Compression Ratiol on Diameter = 1.088

Compression Ratiol on Length = 1.185

Desired Compact Size2: 76.2 cm (30") diameter x 160.3 cm (63.1") high
Powder Fill: 82.7 cm (32.55") diameter x 190 cm (74.75") high

Perforated Container: 83.3 cm (32.80") ID x 190.5 cm (75") high

NOTES: 1. Powder fill size to desired compact size.

2. To fit in a 77.5 cm (30.5") ID x 161.8 cm (63.7") inside
height vacuum container. Compact assumed at 68% of theoretical
density.
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TABLE 5

POWDER AND CONTAINER WEIGHTS FOR FIRST BILLET PRESSING OPERATION

Sample
Number

354107
354107
354108
354109l
354110

354111
354112

3541131
354114

NOTES :

1.

Can + . Ingot

Powder Powder Filler
Alloy Weight Weight Weight

kg (1b) kg (1b) kg (1b)
MA87 1439 (3165) 1334 (2935) 77 (170)
MA87 1416 (3116) 1326 (2917) 98 (216)
MA87 1411 (3104) 1317 (2897) 105 (232)
MA87 1392 (3062) 1296 (2851) 126 (277)
MAG7 1376 (3028) 1286 (2830) 160 (353)
MAG7 1429 (3143) 1325 (2916) 108 (238)
MA67 1400 (3080) 1304 (2870) 134 (296)
MAG7 1416 (3116) 1326 (2917) 98 (216)

These samples with thermocouple in powder for heat-up
rate monitoring.

MA87 total = 1516 kg (3335 1b); MA67 = 1536 kg (3380 1lb):;
to fill tapered part of hot compacting cylinder.

MA87 average 1318 kg + 16.4 (2900 1lb + 36); MA67 average
1306 kg + 15.9 (2873.5 1lb + 35)



TABLE 6

STEEL FORGINGS REQUIRED FOR HOT COMPACTING TOOLS

TOP DIE COMPONENTS

Top Holder Plate

Top Spacer

Mandrel

Mandrel Nose

Mandrel Retainer

BOTTOM DIE COMPONENTS

Base

Retainer - Top

Retainer - Bottom

Die - Liner

Die Locator

177.8 x 31.8 x 219.7 cm
(70 x 12% x 86% in.)

127 cm diameter x 36.8 cm
(50 in. diam x 14% in.)

102.2 cm diam x 72.4 cm
(40% in. diam x 28% in.)

81.9 cm diam x 21 cm
(32% in. diam x 8% in.)

127 cm OD x 76.2 cm ID x 10.8 cm
(50 in. OD x 30 in. ID x 4% in.)

208.3 x 39.4 x 219.7 cm
(82 x 15% x 86% in.)

210.8 cm OD. x 147.3 cm ID x 77.5 cm
(83 in. OD x 58 in. ID x 30% in.)

210.8 cm OD x 147.3 cm ID x 77.5 cm
(83 in. OD x 58 in. ID x 30% in.)

150.5 cm OD x 80 cm ID x 188 cm
(59% in. OD x 31% in. ID x 74 in.)

118.7 cm diam x 21 cm
(46-3/4 in. diam x 8% in.)

Steel

: FX-2

L ER=2

: FX-2

: FX-2



TABLE 7

POWDER AND CONTAINER WEIGHTS FOR SECOND BILLET PRESSING OPERATION

Sample
Number

354107
354108

354110
3546871

354111
354112
354113

NOTES :

Alloy

MA87
MA87

MA87
MA87

MAG7
MA67
MA67

Powder
Weight
kg (1b)

1242
1242

1230
1239

1250
1237
1285

(2732)
(2732)

(2705)
(2725)

(2751)
(2721)
(2828)

With thermocouple in powder

Total metal weight target

Can +
Powder
Weight

kg

1384
1387

1370
1381

1395
1378
1429

(1b)

(3045)
(3051)

(3015)
(3038)

(3069)
(3031)
(3143)

Ingot
Filler
Weight2

kg (1b)

168
le6

183
172

158
177
130

(370)
(365)

(402)
(378)

(347)
(389)
(285)

for heat-up monitoring.

1552.3 kg (3415 1b).



TABLE 8

HOT ROLLING SCHEDULE FOR P/M MA87 PLATE

Pass Number Rolling Mill Screw Positionl

27.25 am (10.730 inches)
26.30 cm (10.356 inches)
25.11 am (9.886 inches)
24.03 cm (9.460 inches)

[, I - OV S

23.05 em (9.074 inches)

6 21.87 cm (8.610 inches)
7 20.75 cm (8.168 inches)
8 19.64 cm (7.732 inches)
9 18.48 cm (7.276 inches)
10 16.79 cm (6.612 inches)
11 15.54 cm (6.118 inches)
12 14.32 cm (5.638 inches)
13 12.86 cm (5.062 inches)
14 11.44 cm (4.506 inches) 2
15 11.62 cm (4.574 inches)>
16 10.57 cm (4.162 inches)
17 8.94 cm (3.520 inches)
18 7.49 cm (2.948 inches)
19 6.10 cm (2.402 inches)
20 5.58 em (2.198 inches)
21 4.85 cm (1.908 inches)4

NOTES: 1. Rolling mill instrument indicated roll gap.
2. Plate rippled after pass 1l4.
3. Broad side rolled to flatten.
4. Measured thickness 5.12 cm (2.015 inches) measured hot.
5. slab at 370° (700°F) at start, finished at 305-315°C
(580-600 F)
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TABLE 19

EFFECT OF REHEAT TREATMENT AND QUENCH GEOMETRY ON
ELECTRICAL CONDUCTIVITY OF T6 TEMPER PRODUCTION-SCALE P/M EXTRUSIONS

Heat Quench T6 Temper
Sample Treatment Specimen Electrical
Number Locationl Thickness Conductivity
(% IACS)
MA87 Alloy
355400 Lafayette Full Extrusion 36.2
355400-1 ATC 4.6 x 10.2 x 20.3 cm2 33.4
355400-2 ATC 2.5 cm (1-in.) slice 32.8
MA67 Alloy
355404 Lafayette Full Extrusion 36.1
355404-1 ATC 4.6 x 10.2 x 20.3 cm2 33.4
355404-2 ATC 2.5 ecm (1-in.) slice 32.9

NOTES: 1. ATC specimens cut from Lafayette heat treated extrusions
and reheat treated 2 hours at 493 C, cold water quenched,
naturally aged 5 days, artifically aged 24 hours at 121 C.

2. 1.8 x 4 x 8 inches.



TABLE 20

STRENGTH AND CONDUCTIVITY OF 5 CM (2-IN)
THICK P/M HAND FORGINGS AGED TO T6 TEMPER

Quench Longitudinal
Sample Water Electrical Yield
Number Temperature Conductivity Strength
() (% IACS) MPa (ksi)

MAG65. Alloy: Al-6.5Zn-2.3Mg-1.5Cu

404877 M2B 27 34.6 512 (74.2)

404877 M3C 82 37.1 460 (66.7)

MA67 Alloy: Al-8Zn-2.5Mg-1.0Cu-1.6Co

404883 M13A 27 33.0 564 (81.8)

404883 Ml4cC 82 36.1 487 (70.6)

NOTES: 1. From Reference 3, Table 52.
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